Candida parapsilosis is one of the most common causes of candidiasis, particularly in the very young and the very old. Studies of gene function are limited by the lack of a sexual cycle, the diploid genome, and a paucity of molecular tools. We describe here the development of a plasmid-based CRISPR-Cas9 system for gene editing in C. parapsilosis. A major advantage of the system is that it can be used in any genetic background, which we showed by editing genes in 20 different isolates. Gene editing is carried out in a single transformation step. The CAS9 gene is expressed only when the plasmid is present, and it can be removed easily from transformed strains. There is theoretically no limit to the number of genes that can be edited in any strain. Gene editing is increased by homology-directed repair in the presence of a repair template. Editing by non-homologous end joining (NHEJ) also occurs in some genetic backgrounds. Finally, we used the system to introduce unique tags at edited sites.
Results
Developing a CRISPR system for C. parapsilosis. We first synthesized a codon-optimized version of CAS9, eliminating all CTG codons and incorporating a Nuclear Localization Sequence (NLS) ( Supplementary  Fig. S1 ). This sequence was cloned into a standard cloning plasmid flanked by the TEF1 regulatory sequences amplified from C. parapsilosis genomic DNA. Autonomously replicating plasmids are not commonly used in Candida species 22 . However, Nosek et al. 43 described the identification of some sequences that promote autonomous replication in C. parapsilosis. We adapted one of these autonomous replication sequences (ARS7). This sequence was originally obtained by screening fragments from a Sau3AI digestion of C. parapsilosis genomic DNA 43 . Now that the genome sequence of C. parapsilosis is available 19 we know that the "ARS" results from ligating two fragments that are derived from different places on chromosomes 4 and 5. ARS7 and the SAT1 nourseothricin resistance gene under the control of the CaACT1 promoter and the CaURA3 terminator were cloned into the plasmid encoding Cas9 to generate pSAT1 (Fig. 1A) . This plasmid confers resistance to nourseothricin when transformed into C. parapsilosis, and resistance is lost after just two passages in the absence of selection (Fig. 1) . The plasmid therefore does not integrate into the genome. Transcription of CAS9 was demonstrated by RT-PCR ( Fig. 1B) .
In most CRISPR-based methods, including the commonly used systems in C. albicans, expression of the short guide RNAs is driven from the RNA polymerase III promoter SNR52 [33] [34] [35] 37 . We tried to develop a similar system, using the putative promoter from the C. parapsilosis homolog of SNR52 45 . We first targeted the ADE2 gene, because disruptants are easily identified by the formation of pink colonies on YPD media. A 20 bp-long synthetic guide RNA (guide B, +130 bp downstream from the ATG) was designed by using the EuPaGDT web tool 46 . The SNR-ADE2-B cassette, including a terminator sequence from S. cerevisiae SUP4 47 , was inserted into pSAT1 in a two-step process (see Methods), generating pSNR-ADE2-B ( Fig. 2A ). This was transformed into C. parapsilosis CLIB214, with or without a repair template designed both to introduce two stop codons and to mutate the target PAM site ( Fig. 2B-D) . In the presence of the repair template, pink adenine auxotrophs were observed, with a frequency ranging from 10 to 50% (Fig. 2B ). However, the nourseothricin (NTC) resistant transformants are highly variable in size. We used colony PCR to discriminate between wild-type cells and cells that had incorporated the repair template ( Fig. 2C ). Sequencing of two representative colonies confirmed that the repair template had been incorporated ( Fig. 2D ). CRISPR-based gene editing can therefore be used to disrupt both alleles at a single locus in C. parapsilosis.
To improve the efficiency of gene editing, we adapted a method used in other fungi 36, 44, 48, 49 and recently applied in C. albicans 36 , whereby sgRNAs are expressed from a pol II promoter (GAPDH promoter from C.
Figure 1.
Autonomously replicating plasmids in C. parapsilosis. (A) pSAT1 was constructed by cloning a codon-optimized version of CAS9 between the promoter and terminator sequences of TEF1 from C. parapsilosis in a pUC57-based plasmid. SAT1 (nourseothricin resistance) expressed from the C. albicans ACT1 promoter was isolated from pSFS2A 58 , and ARS7, an autonomously replicating sequence from C. parapsilosis 43 , was isolated from pGIZI. (B) CAS9 is expressed in C. parapsilosis cells transformed with pSAT1. RNA was isolated from four transformants and from one untransformed culture (UT). Expression of CAS9 and ACT1 was measured by RT-PCR. (C) pSAT1 is easily lost. Transformed cells were patched to YPD plates without nourseothricin (NTC) for 48 h, and then streaked on YPD and YPD + NTC. Colonies from YPD were repatched after 48 hr. All transformants lost nourseothricin resistance after just two passages.
Figure 2.
Editing ADE2 in C. parapsilosis using CRISPR. (A) Two constructs were generated by inserting one of two cassettes expressing a guide RNA targeting ADE2 at the NruI site of pSAT1. In the first cassette (pSNR), expression of the ADE2-B sgRNA is driven from the SNR52 promoter (dark blue), generating pSNR-ADE2-B. In the second cassette (pRIBO) the ADE2-B sgRNA is surrounded by two ribozymes (HH and HDV in red), and expression is driven from the GAPDH promoter (teal), generating pRIBO-ADE2-B. The scaffold sequence is shown in blue, the targeting sequence in green, the SUP4 terminator sequence in orange, and the GAPDH terminator in teal. Folding and cleavage of the guide RNA at the ribozyme sequences is shown below the pRIBO cassette. (B) Transformation of C. parapsilosis CLIB214 with pSNR-ADE2-B and a repair template (Supplementary methods) produced nourseothricin-resistant colonies of different sizes, including some that turned light pink after 3-5 days (black arrows, left). The pink color is more noticeable when streaked on YPD plates (middle). All pink colonies failed to grow in the absence of adenine (SC-ade). Transformation with pRIBO-ADE2-B produced colonies of more uniform size (right). (C) Pink colonies transformed with pSNR-ADE2-B were screened by PCR using one common primer (ADE2_REV) and one primer specific for either the wildtype (wtADE2B_F) or the mutant (mutADE2B_F) sequence, shown in gray and red in (D). A 631 bp PCR product was amplified from the mutant colonies only when the mutADE2B_F primer was used, and from the wildtype (WT) only when the wtADE2B_F was used. NC = no DNA. (D) Sequence of the ADE2 locus before and after the CRISPR-Cas9 mediated mutation. Following Cas9 induced cleavage, homologous recombination with a repair template results in the insertion of two stop codons in frame (shown in red) replacing the PAM site, thus disrupting the gene function. The gRNA sequence is highlighted with a black box, and the PAM sequence is shown in bold. The primers used in (C) are indicated above the sequences. (E) Transformation of clinical isolates of C. parapsilosis with the ribozyme plasmids pRIBO-ADE2-B (strains J961250 and 73/037) or with pRIBO-ADE2-D (strain 81/040). RT = repair template.
SCIenTIfIC REPORTS | 7: 8051 | DOI:10.1038/s41598-017-08500-1 parapsilosis), flanked by a hammerhead (HH) ribozyme and a hepatitis delta virus (HDV) ribozyme. Following transcription, self-cleavage by the two ribozymes releases the functional sgRNA ( Fig. 2A) . Transformation of C. parapsilosis CLIB214 with pRIBO-ADE2-B plasmid yielded more uniform colonies than the transformants obtained using the pSNR-ADE2-B plasmid (Fig. 2B ), and 80-100% were pink. To test the reproducibility of the CRISPR system, we replaced the gRNA with a second sequence (sgADE2-D, Supplementary Table S1 ) also targeting ADE2 (+451 bp from ATG). Once again, transformation of C. parapsilosis CLIB214 with pRIBO-ADE2-D and a new repair template ( Supplementary Table S1 ) generated pink colonies (Table 1) with high efficiency (94-100%). Two representative colonies from each transformation were sequenced, confirming the presence of the expected mutation at the ADE2 locus. Similar to pSAT1, pSNR and pRIBO plasmids are easily lost when cells are grown on non-selective media ( Supplementary Fig. S2 ). On rare occasions, the plasmid may integrate into the genome and we identified one possible example using pRIBO-ADE2-D ( Supplementary Fig. S2 ).
Editing clinical isolates of C. parapsilosis. One major advantage of a plasmid-based CRISPR system with a dominant selectable marker is that it can be used to edit genes in any nourseothricin-sensitive isolate, and not only in engineered laboratory strains. We tested this by transforming 20 C. parapsilosis strains (Table 1) with the ribozyme construct expressing sgADE2-B, in the presence and absence of a repair template ( Fig. 2E ). 19 of the transformed strains yielded pink ADE2 disruptants when the repair template was provided ( Table 1 ). The efficiency of the transformation varied considerably; the number of transformants obtained ranged from less than 10 to more than 1,000, depending on the experimenter and the genetic background (some examples are shown in Fig. 2E ). The efficiency of gene editing also varied ( Table 1 , Fig. 2E ). Unlike C. parapsilosis CLIB214, transformation of many of the clinical isolates yielded pink colonies even in the absence of a repair template (Table 1 ). We sequenced the edited genes from eight isolates generated in the presence of repair template, and four without the repair template (Table 1 , Supplementary Fig. S3 ). When the repair template was present the expected mutations were observed, indicating that homology dependent repair has occurred ( Fig. 2D, Supplementary Fig. S3 ). In the absence of the repair template, we observed insertions and deletions adjacent to the Cas9 cleavage site, resulting in frameshifts and often in premature stop codons downstream ( Supplementary Fig. S3 ). For the final strain, C. parapsilosis 81/040, which produced no pink colonies using sgADE2-B, we attempted to generate adenine auxotrophs by transforming with sgADE2-D with and without the repair template. Pink colonies were obtained in both cases, although mixed populations of white and pink cells were common ( Fig. 2E ). Somewhat surprisingly, sequencing of six adenine auxotrophs from three independent experiments transformed using the repair template S3 ).
showed that the template was not incorporated in this strain, and instead there was an insertion of one additional base at the Cas9 cleavage site ( Supplementary Fig. S3 ).
Editing additional genes. We further investigated the adaptability of the CRISPR-based editing system by targeting additional genes. We first designed two sgRNAs directed against URA3 (sgURA3_358 and sgURA3_195, Supplementary Table S1 ), and expressed them in the ribozyme-based plasmid. Transformation of C. parapsilosis strains CLIB214 and 90-137 with pRIBO-URA3-358 and the relevant repair template produced uracil auxotrophs at an efficiency of 60 and 37%, respectively ( Fig. 3A, Supplementary Fig. S4 ). Incorporation of the repair template was confirmed by sequencing two colonies for each strain. Constructs incorporating guide RNA 195 did not generate any uracil auxotrophs in either of the strains. Until this point, the target gene was chosen based on the ability to easily identify transformants in which both alleles had been disrupted, producing pink and/or auxotrophic colonies. To be truly useful, a gene editing system must function at a high efficiency even when there is no known phenotype. We therefore targeted CPAR2_101060, a transcription factor that was previously deleted by Holland et al. 32 using the fusion PCR approach. A homozygous deletion of CPAR2_101060 has no obvious phenotype. We also explored the possibility of including a unique barcode (tag), and a restriction site in the repair template ( Fig. 3C ). Transformation of two C. parapsilosis strains (CLIB214 and 90-137) in the presence of repair template yielded 4-30 colonies. No transformants were obtained without a repair template. Allele-specific PCR of four colonies from each strain showed that both alleles of CPAR2_101060 had been edited in all transformants tested ( Fig. 3D ). We then amplified a region surrounding the repair template, and showed that DNA from all transformants, but not from the wild type strain, could be digested with KpnI ( Fig. 3E ). Finally, sequencing of this region amplified from one transformant of each strain confirmed that the repair template was incorporated as expected. We therefore demonstrate editing of a gene with no observable phenotype at very high efficiencies (in this case up to 100%), screening either by allele-specific PCR or by enzymatic digestion. We also show that the inclusion of a unique barcode in each edited strain is straightforward and does not reduce the efficiency of editing.
Editing multiple genes in C. parapsilosis. In theory, our system should allow sequential editing of any number of genes using plasmids encoding different sgRNAs. We tested this by attempting to edit the ADE2 gene in the C. parapsilosis CLIB214 mutant strain in which the URA3 gene had already been disrupted. Two independent transformations with pRIBO-ADE2-D and the corresponding repair template were performed, generating 80-160 nourseothricin resistant transformants. All transformants failed to grow in absence of adenine, demonstrating that the efficiency of the homozygous ade2 editing in the uracil auxotroph was 100% ( Fig. 3B , Supplementary Fig. S4 ). The sequencing of both ADE2 and URA3 loci from one isolate confirmed that the repair templates had been incorporated as expected. There were no transformants in the absence of the repair template.
Generating gene deletions. The repair templates shown in Figs 2-3C were designed to introduce stop codons and/or barcodes at the target site (gene editing). In other Candida species CRISPR/Cas9 has been used to delete or replace genes, by designing repair templates that incorporate sequences flanking the open reading frame 34, 36, 37, 41, 42 . We therefore tested the capacity of our system to delete, rather than edit, the ADE2 gene in C. parapsilosis. A 100 bp repair template (RT_DEL) was constructed by primer extension, incorporating 40 bp sequences flanking the ADE2 ORF and a unique 20 bp barcode sequence (Fig. 3F ). Co-transforming C. parapsilosis 90-137 cells with pRIBO-ADE2-B or pRIBO-ADE2-D and RT_DEL generated pink ADE2 deletion mutants at a frequency of 60-100%. One deletion generated with each guide RNA was confirmed by sequencing a fragment surrounding the target site ( Fig. 3F, Supplementary Figure S3 ).
Discussion
In this study we describe the development of a rapid, simple and efficient CRISPR-Cas9 system that can be used to edit or delete genes in any isolate of C. parapsilosis. The CAS9 gene is expressed from a plasmid, which facilitates transformation. The plasmid is easily cured from the transformed strains, limiting expression of CAS9, and therefore reducing the likelihood of off-target effects. Our system allows the incorporation of specific mutations or deletions without the need to engineer auxotrophic strains, or to integrate and recycle CAS9 or selectable markers.
We found that driving expression of guide RNAs from an SNR52 promoter produced colonies of various sizes, from pinpricks to very large (Fig. 2B) . The reason for this is unclear. SNR52 is often used to drive expression of sgRNAs because it is unusual among pol III transcripts in that it has an upstream promoter 50 . We confirmed the location of the C. parapsilosis SNR52 promoter using RNA-seq data 45 . However, we note that using SNR52 to drive sgRNA expression is also relatively inefficient in C. albicans 36 .
Surrounding the sgRNAs with ribozymes and expressing the construct from a pol II promoter greatly increased the efficiency of gene editing, up to 100% (Figs 2 and 3) . A similar increase in efficiency was observed when pol II promoters were combined with CRISPR in C. albicans 36 , and is likely to be related to increased intracellular levels of the guide RNAs. We found that efficiency varied with different target genes and different gRNAs. For example, two sgRNAs directed against ADE2 had similar efficiencies in C. parapsilosis CLIB214 (Table 1 ). However only one of the two sgRNAs directed against URA3 generated edited strains, and at a reduced efficiency compared to sgRNAs directed against ADE2.
We found that ADE2 was edited even in the absence of repair template in some strains (Fig. 2 , Table 1 , Supplementary Fig. S3 ). Sequence analysis of adenine auxotrophs from four of these strains showed that this resulted from insertions or deletions at the predicted Cas9 cleavage site ( Supplementary Fig. S3 ). In addition, even in the presence of a repair template, six adenine auxotrophs in C. parapsilosis 81/040 resulted from insertion of a single base at the Cas9 site, rather than incorporation of the repair template ( Supplementary Fig. S3 ). These Table S1 ). The figure shows a representative uracil auxotroph from each genetic background. Incorporation of the repair template was confirmed by sequencing. (B) The ADE2 gene was edited in one uracil auxotroph of C. parapsilosis CLIB214 (shown in panel A), using pRIBO-ADE2-D, generating strains that are pink on YPD, and fail to grow in the absence of uracil or adenine. Incorporation of the relevant repair template was confirmed by sequencing ( Supplementary Fig. S3 ). (C) To edit CPAR2_101060, a repair template was designed including two stop codons, a unique 20 base pair tag, and a KpnI restriction site. The entire template is 108 base pairs. (D) Following transformation of two C. parapsilosis strains (CLIB214 and 90-137) colonies were screened by PCR using one common primer (CP101060_WT-R) and one primer specific for either the wild type (CP101060_WT_F, indicated here as WT-FWD) or the mutant (CP101060_MUT_F, indicated here as MUT-FWD) sequence, shown in brown and red in (C). A 458 bp PCR product was amplified from the mutant colonies only when the MUT_FWD primer was used, and from the wildtype (WT) only when the WT_FWD was used. (E) An 898 bp fragment was amplified using primers CP101060-F and CP101060_WT_R from two putative CPAR2_101060 disruptants from each C. parapsilosis background, and from wildtype C. parapsilosis CLIB214. Only strains in which CPAR2_101060 was edited were digested with KpnI. (F) To completely delete ADE2, a double stranded break was introduced using either sgADE2-B or sgADE2-D and a repair template including 40 bp from the 5′ and 3′ flanking regions and a unique 20 bp tag. Deletion mutants were verified by colony PCR using primers (DEL_FWD + REV) flanking the deleted region and this was confirmed by sequencing ( Fig. S3 ). editing events most likely arise from repair by non-homologous end joining (NHEJ), which may be more efficient in some backgrounds. We found that for most strains, the transformation efficiency was lower in the absence of the repair template (e.g. Fig. 2E ). In C. albicans it has been suggested that repairing toxic double-stranded breaks by NHEJ is rare, leading to reduced transformation efficiencies in the absence of a repair template 36 . It is possible that this is also true in C. parapsilosis, but that in some strains (such as 81/040) homology-directed repair is also low.
Our system is the first to apply CRISPR-Cas9 in C. parapsilosis, and it also has some advantages over some of the approaches described in C. albicans. For example, a plasmid-based system can be applied in any isolate, without the need for auxotrophies or additional dominant selectable markers. Everything needed (CAS9, sgRNA, repair template) is provided in a single one-step transformation, using one selectable marker, nourseothricin resistance. The genomes of edited and deleted strains are completely "scar-free" if necessary, with no extraneous sequences added, and only the target locus is disrupted.
In many of the C. albicans protocols, CAS9 is either integrated in-and sometimes subsequently recycled fromthe genome 33, 36, 37 , or multiple selectable markers are required 34, 35 . One difficulty with integrating CAS9 is that it is impossible to control expression, and the level of off-target editing in Candida species is currently unknown. In mammalian CRISPR/Cas9 systems it has been shown that reducing the half life of Cas9 in the cells can reduce off-target effects 51, 52 . In the system described here, the plasmid encoding Cas9 is very quickly eliminated from C. parapsilosis by passaging without selection.
The fact that pSAT1 can be easily lost means that it is also possible to sequentially target many genes in any isolate of C. parapsilosis. Two of the recent CRISPR-based methods applied in C. albicans allow marker recycling, and therefore several targets can be edited 35, 37 . However, the recycling strategy of Huang et al. 35 requires auxotrophic parental strains, with at least two selectable markers. Nguyen et al. 37 use a recyclable nourseothricin resistance cassette integrated at HIS1 or at LEU2. The HIS-FLP system facilitates gene editing in any C. albicans strain, but one allele of HIS1 is interrupted by an FRT site following the first editing event 37 . The LEUpOUT system, which can be used for iterative marker-less editing in C. albicans, requires that one LEU2 allele is disrupted in the parental strain. Using our system, we edited two genes (URA3 and ADE2) in a single strain of C. parapsilosis by consecutive transformation with two plasmids expressing different sgRNAs (Fig. 3) . The only requirement is that the plasmid containing the guide RNA is cured by passaging without selection before each step. In theory, gene editing can be carried out indefinitely without introducing any extraneous sequences in the genome. It may also be possible to generate multiple mutations in the same strain by co-transforming both plasmids at the same time. Nguyen et al. 37 and Norton et al. 41 showed that CRISPR can be used to target two genes simultaneously in C. albicans and C. tropicalis respectively, although the efficiency was low.
One of our goals was to develop a gene editing/deletion system that could easily be used with any target gene in any strain, and ideally could be applied to generating large numbers of gene knockouts. We have shown that our system is efficient even when applied to genes with no known phenotype (Fig. 3) . We have also shown that our plasmid-based system works efficiently in almost all strains tested, providing a valuable tool for investigating the role of individual genes in multiple genetic backgrounds. For example, Pannanusorn et al. 53 have shown that Bcr1, a regulator of biofilm development in C. parapsilosis 25, 32, 54 is important only in isolates that make relatively small quantities of biofilm.
We can use the repair template to incorporate unique tags into each mutant strain, facilitating downstream competition experiments 55 , or design the template to delete rather than edit genes ( Fig. 3F) . At present, the slowest step is replacing the target guide RNA in the pSAT1 plasmid. Because the first 6 bases of the hammerhead ribozyme form a stem with the beginning of the gRNA target, the entire region must be replaced. This is accomplished by primer extension from two oligonucleotides, generating a ~100 base pair fragment which is finally introduced into pSAT1 in a two-step process by Gibson assembly (Supplementary Methods). This approach may be simplified in future iterations of the method, perhaps by replacing the hammerhead ribozyme with a tRNA sequence 36 . It may also be possible to extend plasmid-based systems to other Candida species in the CUG clade. For example, a similar method has very recently been described in the CUG-clade species Scheffersomyces stipitis 56 . The system we describe here is simple and remarkably efficient, with many potential applications in C. parapsilosis.
Material and Methods
Strains and media. All C. parapsilosis strains used in this study ( Supplementary Table S2 ) were grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose) or on YPD plates (YPD + 2% agar) at 30 °C. Transformants were selected on YPD agar supplemented with 200 μg/ml nourseothricin (Werner Bioagents Jena, Germany). Auxotrophies were confirmed by growing mutant strains on synthetic complete dropout media (0.19% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 2% glucose, 0.075% amino acid dropout mix, 2% agar). All the plasmids used in this study ( Supplementary Table S3 ) were propagated in Escherichia coli DH5α cells (NEB, UK) by growing cells in LB media without NaCl (Formedium) supplemented with 100 μg/ml Ampicillin (Sigma).
Synthesis of CAS9.
The Streptococcus pyogenes CAS9 gene sequence was adapted by using the optimal S. cerevisiae codon for every amino acid throughout the gene, including TTG for Leu, and an NLS was added at the C terminus. This sequence was synthesized as six gBlocks that were combined by Gibson assembly (IDT, Supplementary Fig. S1 , GenBank accession number MF421322). The 5′ ends of gBlock-1 and -4 and the 3′ ends of gBlocks-3 and -6 include 25-50 bp that overlap with the sequence surrounding EcoRV in plasmid pUC57 (GenScript). Each gBlock includes 25-50 bp overlap with the adjacent gBlock. gBlocks were amplified by PCR using primers A-L ( Supplementary Table S1 ). gBlocks-1/2/3 and gBlocks-4/5/6 were independently cloned into EcoRV-digested pUC57 by Gibson assembly (NEB) 57 , generating plasmids pUC57-CAS9fr1 and pUC57-CAS9fr2.
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The inserts from each plasmid were amplified using primers CpCAS9-GA1 + 2 and CpCAS9-GA3 + 4 respectively. Primers CpCAS9-GA2 and CpCAS9-GA3 overlap with each other by 28 bases, and CpCAS9-GA1 and CpCAS9-GA3 overlap with EcoRV-cut pUC57 by 30-40 bases. The two fragments were cloned into pUC57 by Gibson assembly, generating pUC57-CAS9.
Construction of pSAT1. 679 bp upstream and 876 bp downstream of the C. parapsilosis TEF1 gene
were amplified from genomic DNA using primers TEF1p_AgeI_Fw + Rv and TEF1t_BamHI_Fw + Rv ( Supplementary Table S1 ), which include AgeI or BamHI recognition sites respectively. The fragments were ligated into pUC57-CAS9 cut with the indicated enzymes, generating pUC57-pCAS9t. ARS7 43 was amplified from the plasmid pGIZI using primers GA_CpARS_Fw and GA_CpARS_Rv that include 40 bp overlapping with AatII-digested pUC57-pCAS9t, and was cloned at this site by Gibson Assembly generating pUC57-ARS-pCAS9t. SAT1, conferring resistance to nourseothricin, was amplified from the plasmid pSFS2A 58 using primers SapI_ CaSAT1_Fw and SapI_CaSAT1_Rv that contain SapI recognition sites at the 5′ and 3′ ends. SAT1 was then ligated into SapI-digested pUC57-ARS-pCAS9t generating pSAT1. The sequence of the CAS9 insert was confirmed by Sanger sequencing (MWG/Eurofins) using the primers listed in Supplementary Table S1 .
Generation of pSNR and pRIBO plasmids. Guide RNAs were designed by using Eukaryotic
Pathogen CRISPR guide RNA Design Tool 46 . Two synthetic constructs (Eurofins MWG), SNR-ADE2-B and GAPDH-HH-ADE2B-HDV, were designed to express the sgRNAB targeting ADE2 from RNA pol III and RNA pol II promoters, respectively ( Supplementary Figs S5, S6) . The SNR-ADE2-B construct includes the C. parapsilosis SNR52 promoter followed by a guide RNA targeting ADE2 (guide B), the scaffold RNA sequence, and the SUP4 terminator from Saccharomyces cerevisiae 47 . In the GAPDH-HH-ADE2B-HDV construct, the guide B and the scaffold RNA are flanked by a 5′ hammerhead (HH) and a 3′ Hepatitis Delta virus (HDV) ribozymes 48 . Expression is driven by the C. parapsilosis GAPDH (CPAR2_808670) promoter and terminator. Each construct was cloned into SacI/BamHI digested pUC57 generating pUC57_CpSNR52p_ADE2_sgRNAB and pUC57_HH_ HDV_ADE2_sgRNAB ( Supplementary Table S3 ). New guide RNAs were introduced into pUC57_HH_HDV_ ADE2_sgRNAB by replacing the HH-guide RNA segment by Gibson Assembly (New England Biolabs, UK). The HH-guide RNA inserts were generated by primer extension from two oligonucleotide primers overlapping at their 3′ ends ( Supplementary Tables S1, S3 ). The cassettes were moved from the pUC57 background to pSAT1 by PCR amplification and Gibson Assembly into NruI digested pSAT1, generating pSNR and pRIBO plasmids ( Supplementary Tables S1, S3 ). CRISPR-Cas9 mutagenesis in C. parapsilosis. C. parapsilosis strains were transformed 32 with 5 μg of the relevant plasmid, alone or in combination with 5 μg of the corresponding repair template. Repair templates (80-108 bp) were generated with ExTaq DNA polymerase (TaKaRa Bio, USA) by primer extension from two oligonucleotide primers with 20 bp overlaps at the 3′-ends ( Supplementary Table S1 ). Repair templates were designed to encode two consecutive stop codons and to mutate the PAM site, or to remove sequences between start and stop codon of the target gene. Barcodes were included where indicated ( Supplementary Table S1 ). Nourseothricin-resistant transformants were patched onto SC lacking either adenine or uracil where indicated, and screened by allele-specific colony PCR. Representative mutants were sequenced by Sanger sequencing (MWG/Eurofins). Transformations of clinical isolates with pRIBO_ADE2-B were performed at least twice by two different people. Loss of pSAT1 constructs was induced by patching transformants onto YPD agar without selection and re-patching every 48 h until they no longer grew on parallel YPD agar plates containing 200 μg/mL nourseothricin. Resistance to nourseothricin was usually lost after just two passages without selection.
CAS9 expression. C. parapsilosis CLIB214 transformed with pSAT1 was cultured overnight in 5 mL YPD containing nourseothricin (100 μg/mL) and total RNA was extracted using the ISOLATE II RNA Mini Kit (Bioline, BIO-52072). cDNA was generated using MMLV reverse transcriptase with oligo dT primers (Promega). PCR was performed using primers C-CpCAS9 gBlock2-Fw and D-CpCAS9 gBlock2-Rv that amplify a 740 bp fragment within the CAS9 coding sequence. Primers amplifying an internal sequence from CpACT1 were used as a reference.
The full images of all gels are provided in the Supplementary Material.
